Correlation between the elastic and the vibronic behavior of TiO 2 and their responses to the variation of crystal size, applied pressure, and measuring temperature has been investigated based on the bond orderÀlength-strength correlation mechanism. Theoretical reproduction of the measurements clari¯ed that: (i) the elastic modulus (B) and the Raman shifts (Á!) are strongly correlated and we can know either one of the B or the Á! from the other; (ii) the undercoordination induced cohesive energy loss and the energy density gain in the surface up to skin depth determines the size e®ect; (iii) bond expansion and bond weakening due to thermal vibration originates the thermally softened elastic modulus and the Raman shifts; and (iv) bond compression and bond strengthening results in the mechanically sti®ened elastic modulus and the Raman shifts. With the developed premise, one can predict the changing trends of the concerned properties with derivatives of quantitative information of the atomic cohesive energy, binding energy density, Debye temperature, and nonlinear compressibility of the specimen.
Introduction
Nanostructured Titania (n-TiO 2 ) has attracted tremendous interest owing to their intriguing chemical and physical properties that the bulk counterpart does not demonstrate, 1 , 2 and its many potential applications in photocatalysis, 3 dyesensitized solar cells, 4 , 5 sensor devices, 6 diluted magnetic semiconductors, 7 superhydrophobicity, 8 superhydrophilicity medium, 9 etc. However, deeper insights into the physical origin and the correlation among various properties remain high challenge. The elastic and vibration properties of TiO 2 under the applied stimuli of temperature (T) and pressure (P) and the variation of solid size (K) are of instrumental importance from both fundamental and application points of view.
The bulk modulus B (or the Young's modulus Y $ 3B) that is proportional to the binding energy density determines the performance of a material such as the extensibility, acoustic transmission velocity, Debye temperature, speci¯c heat capacity, and thermal conductivity of the specimen. With the size reduction, the B of TiO 2 remains no longer the bulk constant but becomes tunable with the shape and feature size of the specimen. Under the applied T and P, the B also changes despite the artifacts arisen during the course of measurements such as the accuracy of size and surface passivation. Intensive investigations have revealed unexpectedly that the Y of TiO 2 ascends when the solid size is reduced from the in¯nitely large bulk to the atomic scale or it is placed under high pressure. 2 However, the B is softened at high temperature. 10 , 11 The anatase TiO 2 has a total of six Raman active modes of 3E g (at 144, 196, and 639 cm À1 wavelengths), 2B 1g (397 and 519 cm À1 ), and 1A 1g (513 cm À1 ) and rutile TiO 2 has only four Raman active modes of A 1g (612 cm À1 ), B 1g (143 cm À1 ), E g (447 cm À1 ), and B 2g (826 cm À1 ). Generally, the frequency of the transverse optical (TO) phonon undergoes a red shift upon the radius R of nanosolid being decreased and almost all the modes are stiffened under high pressure and softened at elevated temperatures. 12À14 However, for the TiO 2 , the A 1g (612 cm À1 ) mode of rutile phase undergoes a red shift while the E g (144 cm À1 ) mode of anatase phase undergoes a blue shift when the solid size is reduced.
14À17
Numerous models have been developed from various perspectives to illustrate the unusual elastic and vibration behavior in general under the conditions of size reduction, temperature, and pressure elevation. For the size-induced Y elevation, mechanisms of surface tension, 18 surface sti®ness, 19 surface relaxation, 18 surface reconstruction, 20 surface stress, 21 bulk nonlinear elasticity, 19 surface bond contraction, 22 competition between electron redistribution and the lower-coordination on surfaces, 23 and vacancy formation determined by the cohesive energy, 24 surface energy density gain 25 have been developed; for the size-induced Á! softening, mechanisms of surface disorder, 26 surface stress, 27 quantum con¯nement, 28 local heating e®ects 29 or surface chemical passivation have been proposed; for the thermal e®ect, models have also been developed 30À32 with the involvement of the thermal expansion coe±cient and the mode AndersonÀ Grüneisen parameter. These models interpret the T dependence of ! in terms of the anharmonic phonon decay, 33 thermal expansion, 34 phononÀphonon interaction, 35 modi¯es phonon decay, 36 and frequency perturbation mechanism. 37 , 38 Generally, the size, T, and P dependences of the ! are modeled as,
where !ð0Þ is the Raman frequency measured at 0 K, Á! e ðT Þ is the contribution from the thermal expansion; Á! d ðT Þ is due to the anharmonic coupling of phonons of other branches. A 2 and A 3 are the adjustable parameters without physical indication. A 1 and are adjustable parameters used to¯t the measured data. The a is the lattice parameter that contracts with the solid dimension. 42 For the blue shift, A 1 > 0 and ¼ 1, and !ð1Þ ¼ 0.
Although the existing models could reproduce the measurements numerically, physical indications of the freely adjustable parameters need to be clear. A model that is able to correlate the B and Á! uni¯es their size, T, and P e®ects is therefore greatly desired. Based on the bond orderÀlength-strength (BOLS) correlation mechanism 43 and the local bond averaging (LBA) approach, 44 this presentation aims to show that such a model is feasible. In addition to the derived information of the atomic cohesive energy, binding energy density, Debye temperature, compressibility and the bulk modulus and their¯rst-order derivatives, and the analytical correlation between the B and Á!, the developed approach can improve our understanding of the unusual elastic and vibration behavior of TiO 2 . Theoretical reconciliation of the observations conrmed that: (i) the size e®ect arises from the undercoordination induced cohesive energy loss and the energy density gain in the surface up to skin depth; (ii) the thermally softened B and Á! results from bond expansion and bond weakening due to vibration; and, (iii) the mechanically sti®ened B and Á! results from bond compression and bond strengthening due to mechanical work hardening.
Principle

BOLS correlation and LBA approach
The BOLS correlation theory 43 indicates that the broken bonds cause local bond contraction, bond strength gain, densi¯cation, and quantum entrapment of charge and energy. They hence modulate the local atomic cohesive energy, the binding energy density, and the Hamiltonian of the entire specimen and their relevant properties.
Numerically, the BOLS correlation is expressed as,
ðbond contractionÞ
ðbond strengtheningÞ:
The subscripts i and 0 denote an atom in the ith atomic layer and in the bulk as standard, respectively. The bond contraction coe±cient varies only with the e®ective coordination number (CN, or z i ) of the atom of concern regardless of the nature of the bond. The index m is the bond nature indicator that is not freely adjustable for a given material. The theory has enabled the uni¯cation of atomic vacancies, adatoms, defects, atomic chains, atomic sheets, nanotubes, surface skins, nanocavities, and nanostructures of various shapes in the unusual mechanical, thermal, acoustic, chemical, electronic, dielectric, ferroelectric, optic, and magnetic properties and the transport dynamics of electrons and phonons. It has been clear that the tunable fraction of the undercoordinated atoms and the interaction between them dominate the size tunable properties at the nanoscale.
The LBA method 44 connects the detectable properties of a substance directly to the identities (nature, order, length, strength) of a representative of all the bonds of the specimen and the response of these identities to the applied stimulus such as the coordination environment, pressure, temperature, etc.
Considering the contribution from the outermost three atomic layers, a coreÀshell con¯guration is implemented. Generally, both theory and experimental results show that the size trend of a quantity QðKÞ follows the linear dependence on the inverse of size 1=K with K being the dimensionless form of size, or the number of atoms lined along the radius of a sphere, 44 ÁQðKÞ Qð1Þ
where c i =K is the surface-to-volume ratio representing the geometrical contribution from size K, dimensionality , and the e®ective CN, c i ðz i Þ, which determines the size trend. Á q is a constant in each case; q i and q are the density of Q at the ith atomic site and in the bulk. The term ðq i À q 0 Þ=q 0 originate the size dependency. A particle at in¯nitely large, 1=K $ 0 or the surface is neglected q i ¼ q 0 , no size dependence would be observed. Therefore, 25 any size trends are dictated by atoms in the surface skin up to three atomic layers in depth while atoms in the core interior make no contribution. ¼ 1, 2, and 3 corresponds to a thin plate, cylindrical rod, and spherical dot, respectively. The i is counted from the outermost atomic layer inwards up to three. 45 In the experimental QðKÞ À 1=K linear dependence, B q is the slope and the intercept in the Y axis corresponds to the bulk value Qð1Þ. Equaling the BOLS derivatives with the measured size trend, we have the B q ¼ Á q , which allows the unknown parameter such as m to be determined.
This approach has enabled¯ndings of: (i) the factors responsible for the thermo-mechanical behavior of atomic chains, nanotubes, nanowires, nanograins, nanocavities, liquid and solid skins, interfaces and nanocomposites as a union; (ii) the means of bond energy determination from the measured temperature dependence of band gap and Raman shift; (iii) the factors dominating the super elasticity and super plasticity of nanostructures; (iv) the intrinsic and extrinsic competition factors dictating the strongest size of nanostructures and the joint e®ect of size, composition, temperature, and pressure on the performance of materials.
Elasticity and Raman shift
By de¯nition, 44 , 47 it can be derived that the local elastic modulus and the Raman shift from that of a dimer !ð1Þ as the reference point at an ith atomic site depend functionally on the bond order z i , length d i , energy E i , and the reduced mass of the dimer atoms 43 :
1=2 1 ðRaman Blue shiftÞ z i ðRaman Red shiftÞ:
In fact, the elastic modulus is proportional to the binding energy density at equilibrium, according to the dimensionality analysis.
Generally, one can measure the Raman resonance frequency as ! x ¼ ! x0 þ Á! x ðx ¼ D; 2D; GÞ, where ! x0 is the reference point from which the Raman shift Á! x proceeds under the applied stimuli. However, the ! x0 may vary with the frequency of the incident radiation. By expanding the interatomic potential in a Taylor series around its equilibrium and considering the e®ective atomic z, we can derive the vibration frequency shift of the harmonic system,
From the dimensionality analysis, the term @uðrÞ @r 2 j r¼d is proportional to the
Equaling the vibration energy to the third term in the Taylor series with omitting of the higher-order terms, we have,
Observations of the size dependence of the red and blue shift of TiO 2 with the size induced abnormal blueshift of the 141 cm À1 vibration indicates that the blueshift arise from dimer vibration while the blue shifted modes involve contributions of all z-neighbors of a particular atom.
The elastic modulus and the Raman shift are correlated in dimension as ½Á!ðz i Þ 2 =½B i d i 1 if the z i and are unchanged. These relations apply to any kind of interatomic potential uðrÞ as the B i and Á!ðz i Þ at the ith atomic site are related only to the bond order, length, and energy at the equilibrium.
On the other hand, under the external stimuli of T and P and the variation of z i , the length and energy of the speci¯c bond will change,
ðtÞ and ðpÞ are, respectively, the e±cient of thermal expansion and compressibility. 0 is the nonlinear contribution to the compressibility. E 0 are the bond energy in the bulk at (atmospheric) 0 Pa and 0 K. ÁE T and ÁE P are the energy perturbation caused by the applied T and P. The sum and product proceed over all the jth stimuli. This relation indicates that mechanical compression will shorten and strengthen but thermal vibration will weaken and elongate the representative bond.
(A) Size dependence Using the coreÀshell con¯guration and the LBA approach, 25 , 48 we have the following form with z ib ¼ z i =z b for the size dependent elastic modulus, Raman red shift, and Raman blue shift, ÁBðKÞ Bð1Þ
Á½Á!ðKÞ Á!ð1Þ
Á½Á!ðKÞ Á!ð1Þ The e®ective CN of an atom in the speci¯c ith atomic layer, z i , varies with the curvature of a sphere in the form 44 :
The relation 1 þ x $ expðxÞ is employed when the x ( 1 for the term of bond length. According to Debye approximation, the T-induced bond weakening, ÁE T , is the integration of the speci¯c heat ðtÞ from 0 K to T, which follows the relation,
where R, D , and C v are the ideal gas constant, the Debye temperature, and the speci¯c heat, respectively. The y ¼ D =T is the reduced form of temperature. ðtÞ is the speci¯c heat per bond, which follows approximately the speci¯c heat of Debye approximation and closes to a constant value of 3R=z (R is the ideal gas constant) at high temperature. Likewise, the compressive distortion energy density gain, ÁE P equals,
pðxÞ dx dp dp
where V 0 denotes the volume of any size at zero temperature and zero pressure. The xðP Þ being a form of the equation of states, matching the measured xÀP curve with the xðP Þ function and the BirchÀMürnaghan (BM) equation, 49 one can obtain the nonlinear compressibility coe±cients, and 0 and the bulk modulus B 0 and its¯rst-order derivative B 0 0 of the specimen. The relation of B 0 ffi 1 holds general for reference. 50 Substituting Eqs. (8) and (9) into (7), one can have the analytical form for T-and P-dependence. In the former, the E c ¼ z b E 0 and the D ; in the latter, E d ¼ E 0 =V 0 and the ð 0 Þ are the adjustable parameters. As summarized in Table 1 , the analytical forms allow one to extract information such as the bond nature indicator m, dimer vibration frequency !ð1Þ and its bulk shift Á!ð1Þ, atomic cohesive energy E c ¼ zE z , Debye temperature D , energy density E d ¼ E 0 =V 0 , and the compressibility, which should be the objectives of the sophisticated measurements.
Experimental and Computational Procedures
The well-measured and calculated size, 2 , 15 temperature, 11 , 12 and pressure 11 dependence of the B and Á! and the xÀP curve 13 for TiO 2 at room temperature allows us to verify the developed solutions. The experimental data were digitized from the following sources. The size dependent elastic modulus was obtained by Dai et al. 2 in their molecular dynamics simulations. They found that the initial elastic tensile deformation was e®ected by the recon¯guration of surface atoms and that the nanowires have much better mechanical strength and elasticity than bulk TiO 2 . The pressure and temperature dependence of the elastic modulus obtained by Zhu et al.
11 using the¯rst-principles calculations. They obtained equilibrium structure parameters, bulk modulus B 0 and its pressure derivative. Swamy 15 examined the crystallite-sizedependent Raman spectral modi¯cations for rutile TiO 2 nanocrystals and compared to the characteristics of the Raman spectra that were reported for nanoscale rutile TiO 2 domains/crystallites embedded in thin¯lms. Du et al.
12 measured the temperature dependence of the Raman modes in anatase TiO 2 nanocrystals over the temperature range 77À873 K. With increasing temperature, the frequency of the E g mode at 639 cm À1 shifts sublinearly to the lower frequencies, however, the frequency of the lowest-frequency E, mode shifts sublinearly to the higher frequencies from 138 cm À1 at 77 K to 152 cm À1 at 873 K.
In the numerical calculations, we adopt the known e®ective bond length d 0 ¼ 0:386 nm, 44 thermal expansion coe±cient ¼ 8:4 Â 10 À6 K À1 , 51 as input parameters and assume all the data are reliable. Errors in measurements will a®ect the derived values but not the intrinsic nature and the trends of the observations. Here we are concerned about the nature and trends and aims to verify the proposed approach for extracting meaningful information from the sophisticated measurements. We¯rst calculated the theoretical curve and adjusted the parameters to match the measured and calculated data. The adjustable parameters include the bond nature indicator m, dimer vibration frequency !ð1Þ, cohesive energy E c , Debye temperature D , energy density E d , compressibility and the bulk modulus, and their¯rst-order derivatives ; 0 , B 0 , and B 0 0 for the output as tabulated in Table 1 .
Results and Discussion
Size dependence
From matching the predicted and the measured/ calculated size dependence of the Y ðKÞ, we can determine the m value; from the reproduction of Á!ðKÞ, we can determine the !ð1Þ and its bulk shift !ð1Þ À !ð1Þ for the Raman modes showing size-induced red shift. The size-induced blue shift of Raman frequency is governed by a di®erent mechanism that may not involve the coordination number z. It has been demonstrated 52 that the under-coordination-induced bond strain has di®er-ent e®ect on the compressive and tensile stress that determines the anisotropic properties and phase transitions in nanocrystalline Barium Titanate. Figure 1 compares the theoretical reproduction of the measured size dependence of (a) Y ðKÞ, 2 (b) Á!ðKÞ 17 of the E g (144 cm À1 ) mode of anatase phase, and (c) Á!ðKÞ 15 of the A 1g (612 cm À1 ) mode of rutile phase for TiO 2 at the room temperature and the atmospheric pressure with the optimized m value of 5.34. 47 It is observed that the A 1g (612 cm À1 ) mode of rutile phase undergoes a red shift and E g (144 cm À1 ) of anatase phase undergoes a blue shift with size reduction. 14À16 The LFR frequency depends linearly on the inverse of size K. When K increases toward in¯nity, the LFR peaks disappear, which implies that not only the blue shift in the LFR peaks but also the origin for the LFR peaks are purely intergrain interactions. Therefore, the Raman mode red shift arises from atomic cohesive energy weakening of the lower coordinated atoms in the surface region of nanograin, whereas the LFR blue shift is predominated by intergrain interactions. The E g (144 cm À1 ) of anatase phase blue shift is dominated by the dimer bond interaction without involvement of the neighboring numbers. Decoding the measured size dependence of the Raman optical shift, we have derived vibrational information on TiO 2 dimers !ð1Þ ¼ 610:25 cm À1 and their bulk shifts of 1.75 cm À1 for the A 1g mode of rutile phase, and !ð1Þ ¼ 118:35 cm À1 and their bulk shifts of 25.65 cm À1 for the E g mode of anatase phase, which is beyond the scope of direct measurement.
Temperature dependence
Matching the temperature dependence of the measurements provides an e®ective means to determine the Debye temperature and the atomic cohesive energy. 53 In the T-dependent curves, the shoulder is related to the D and the slope at higher temperature depends on the atomic cohesive energy, E c ¼ zE z . Matching the two sets of BðT Þ and the Á!ðT Þ data will improve the reliability of the derivatives. The theoretical match of the measured T-dependent BðT Þ 11 and the Á!ðT Þ 12 of the E g (639 cm À1 ) mode for anatase phase TiO 2 in Fig. 2 leads to the !ð1Þ ¼ 600 cm À1 and the D of 768 K, which is in good agreement with the reported value of 778 K. 54 The cohesive energy E c is derived as 1.56 eV. At T D =3, the relative B and Á! turns from nonlinear to linear when the temperature is increased. The slow decrease of the B and Á! at very low temperatures arises from the small R T 0 ðtÞ dt values as the speci¯c heat ðtÞ is proportional to T 3 at very low temperatures. Apparently, this Table 1 .
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Pressure dependence
Theoretical reproduction of the P-dependence will lead to quantitative information of the compressibility and the binding energy density. Figure 4(a) shows that the experimental xÀP curve 13 can be reproduced using the polynomial, the exponential, and the BM isothermal equation of state, 49 Fig. 4(b) . The consistency between theory and prediction of the P-dependent BðP Þ 11 and Á!ðP Þ 56 has been realized for the E g (639 cm À1 ) mode for anatase phase TiO 2 . The slight deviation of the BðP Þ and Á!ðP Þ originates from the accuracy in the measurements.
The trends of the T and P dependence of B and Á! are much the same to that of the T-and P-dependent bandgap shift in ZnO, 53 indicating the interdependence of the Raman shift, bandgap, and elastic modulus, in general.
Conclusion
We present an analytical expression connecting the macroscopically measurable B and Á! directly to the bonding identities of the specimen and their response to the intrinsic coordination imperfection and the applied stimuli for deeper insight into the atomistic origin of the size, T-and P-induced B and Á! change in TiO 2 through the BOLS correlation and the LBA approach. Exercises lead to derived information of the cohesive energy and Debye temperature, energy density, compressibility and the bulk modulus and their¯rst-order derivatives, and the analytical correlation between the B and Á!. Theoretical reproduction of the measurements reveals that (i) the size e®ect arises from the under-coordination-induced cohesive energy loss and the energy density gain in the surface up to skin depth; (ii) the thermally softened B and Á! results from bond expansion and bond weakening due to vibration; and, (iii) the mechanically stiffened B and Á! results from bond compression and bond strengthening due to mechanical work hardening. The presented approach from the perspective of LBA would provide a useful yet simple way to investigate the mechanical and vibration properties under the stimuli change of atomic coordination and thermal and mechanical activation in other materials as well. The derived quantitative information and the consistent insight and correlation are beyond the scope of currently available approaches. With the developed premise, one can predict the changing trends of all the concerned properties and can derive quantitative information as such from any single measurement alone. 
